Recent progress in the observation of surface-enhanced Raman scattering (SERS) is reviewed to examine the possibility of finding a novel route for the effective photoexcitation of materials. The importance of well-controlled SERS experiments on a single molecule at a single site is discussed based on the difference in the information obtained from ensemble SERS measurements using multiple active sites with an uncontrolled number of molecules. A single-molecule SERS observation performed at a mechanically controllable breaking junction with a simultaneous conductivity measurement provides clear evidence of the drastic changes both in the intensity and in the Raman mode selectivity of the electromagnetic field generated by localized surface plasmon resonance. Careful control of the field at a few-nanometer-wide gap of a metal nanodimer results in the modification of the selection rule of electronic excitation of an isolated single-walled carbon nanotube. The examples shown in this review suggest that a single-site SERS observation could be used as a novel tool to find, develop, and implement applications of plasmon-induced photoexcitation of materials.
Introduction
Notably, an intrinsic limit to the interaction between matter and light exists [1] . Generally, the limit is characterized by the value of the photon-absorption cross sections, as at least 10 7 molecules are required to catch a * Special Topic: Frontiers of Plasmonics (Ed. Hong-Xing Xu). † Present address: Graduate School of Engineering, Muroran Institute of Technology, Muroran, 050-8585, Japan single photon, even in molecules showing strong lightabsorption properties. The ability to modify the lightmatter interaction can lead to the fabrication of more effective photoenergy conversion devices. Recently, plasmonics has been developed as a novel way to control light [2, 3] . The photoillumination of a small metal nanostructure results in the excitation of a localized surface plasmon resonance (LSPR). The resonant oscillation of the free electrons, due to the excitation of the LSPR, generates a confined electromagnetic field in the vicinity of the structure. The energy and the polarization direction of the field are tailored by controlling the size and anisotropy of the metal nanostructure. Highly confined fields at the interfaces of metals and dielectrics can provide small and slow light effects.
The positioning of matter in this field results in an apparent modification of the interaction between matter and light, compared with the general situation observed under light illumination of matter [4] . A highly localized field generates a huge gradient of field intensity over a distance smaller than 10 nm. Generally, the interac- tion between matter and light is defined by a situation in which the electronic structure is uniformly polarized at the scale corresponding to the light wavelength, e.g., hundreds or a thousand nm for visible to infrared light. Upon excitation of matter by the LSPR, this approximation may fail, leading to a change in the optical properties. Although this change has been pointed out for systems showing vibrational symmetry [5] , experimental proof of the electronic excitation has not been obtained, owing to the difficulties to prepare an appropriate nanosystem, as well as the observation itself.
To investigate the change in the optical response of the matter in the LSPR field, surface-enhanced Raman scattering (SERS) measurements can be quite useful. From the discovery of the SERS phenomenon, the observations have provided fruitful information on the optical response of matter in the LSPR field, such as characteristic absorption, emission, and electronic and vibrational excitations [6] [7] [8] . The established SERS model explains the apparent enhancement factor of the SERS signal by considering the intensity of the localized electromagnetic field. An additional enhancement due to electronic excitation resonance at the interfaces between molecules and metal surfaces is known to be an additional important factor [9, 10] . Despite active studies on SERS for more than 40 years, however, unsolved issues still remain in clarifying the mechanism of the SERS phenomenon observed in systems exhibiting an extremely strong enhancement. A very specific molecular dependence on SERS implies that characteristic changes in the optical responses of molecules in LSPR fields could be monitored.
In this review, recent progresses in SERS observations to clarify the mechanism of enhancement are briefly summarized. After a discussion on the importance of singlemolecule observations, the information obtained from observed SERS spectra is discussed. Several observations seem to provide unique experimental evidence of the change in the optical responses of molecules in the LSPR field. After a summary of the interpretations of the phenomenon, the expectations on further developments of the systems are discussed in relation to the use of the LSPR field as a source of effective excitation of materials.
Single-site SERS for single-molecule observation
From the very early stages of the study of SERS, singlemolecule sensitivity has been under intense discussion. Although several behaviors of the SERS signals, such as blinking, fluctuation, specific Raman mode selectivity, etc., had been regarded as proofs of single-molecule SERS observations, a considerably clearer evidence of the experimental observation was still required to obtain characteristic information on a single molecule [7, 11, 12] .
Despite the strong requirements for the evidence of single-molecule observation, experimental difficulties to define the number of target molecules as well as the metal nanostructures for light confinement still exist as unsolved issues, hindering a deeper understanding of the SERS phenomenon. Controlling the number of molecules on metal surfaces is particularly difficult. In the early stages of SERS, most studies tried to control the number of molecules through the introduction of an ultra-low concentration of molecules [12] . Although the estimation of the number of molecules by assuming the average density of the observation area, e.g., 1 µm 2 scale for a confocal microscope spot, could be used, additional proof is indispensable to exclude the effect of aggregation due to an inhomogeneous distribution, which leads to inaccuracy in the single-molecule observation. The importance of the diffusion of adsorbed or dissoluble molecule in two or three dimensions has been actually well recognized. The control of the number of molecules in the observation area is a critical factor, especially for a system with thermal fluctuations at room temperature.
The difficulties associated with molecule control were solved by the introduction of a two-analyte technique [13] [14] [15] [16] [17] . An ensemble SERS measurement using multiple SERS active sites with aggregates of a target molecule often provides time-and space-averaged information on molecules, such as composition, structures, and orientation on the surface. Averaged information on molecules is sometimes the same as that obtained by ordinary spectroscopic methods, with relatively low sensitivity, using a sufficient amount of target molecules. In the case of the two-analyte technique, the introduction of two SERSactive analytes into a SERS observation provides information on the respective analyte molecules under observation [13, 16] . As the absolute number of molecules in the microscopic SERS observation area decreases, the probability of observation on the SERS spectrum of only one of the two analytes increases. A single-molecule observation can be obtained if the two analytes are distributed homogenously without aggregation. The validity of the idea was confirmed by the use of different isotopologues adsorbed onto aggregates of metal nanoparticles to monitor the SERS two-dimensional (2D) correlation [17] . In a system with low coverage, only one type of isotope-labeled molecule was observed, showing the probability with a combined Poissonian binomial distribution. The result is also regarded as a strong proof of REVIEW ARTICLE single-molecule SERS observation.
A well-controlled number of molecule systems for the two-analyte SERS observation provide additional information on the SERS active site, showing enormous enhancement. The number of molecules observed by SERS is defined via controlled adsorption at the liquid/solid interface under adsorption-desorption equilibrium. The adsorption isotherm gives information on the number from the coverage of the target molecule. The two-analyte SERS experiment performed with a relatively low concentration solution (1 µM) provides only a single analyte spectrum at the gap of a metal nanodimer [16] . The puzzling question comes from the value of the estimated coverage of the target molecule on the surface. At that concentration, the coverage of observed molecules is 0.2-0.3 monolayer, according to previously documented values from the isotherm [18, 19] . The result of the twoanalyte experiment, in which only one of two analytes is observed, implies that the size of the SERS active site is comparable with that of a single-molecule adsorption site, despite the fact that finite-difference time-domain calculations show that the area of the localized electromagnetic field is in the range of a few to tens of square nanometers [20] . Not only the two-analyte technique confirms the single-molecule SERS observation, but it also proves the existence of molecule-size SERS active sites at a scale far below the localization of the electromagnetic LSPR field.
In addition to the number of molecules, the control of the spatial distribution of the localized electromagnetic field is another important factor to realize site-selective observation of a single target molecule. Thus, the use of a metal sharp tip with the scanning microscopy technique for SERS, named tip-enhanced Raman scattering (TERS), has been developed to control the localization of the field. After the findings regarding the modification of the fluorescence lifetime of molecules in the vicinity of a scanning probe microscope tip [21] , a specially resolved TERS observation was developed [3, 22] . The lateral resolution drastically improved from <100 nm of the initial studies down to the current single-molecule scale [23, 24] . Developed techniques have been applied not only to single-molecule imaging [25] , but also to the investigation of the phonon structure of an ultrasmall crystalline boundary [26] , single-molecule switching [27] , distribution of the electromagnetic field of a single metal nanorod, [28] and dynamics of vibration in an ultrashort timescale [29] . In a well-controlled ultrahigh vacuum environment at low temperature (<10
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Pa, <80 K), TERS was used for the imaging of the inner structure of a single molecule via the matching of the resonance of the nanocavity plasmon to the molecular vibronic transitions (Fig. 1) [25, 30] . A well-resolved Raman image of a single molecule obtained by TERS gives insight into the interaction between molecules and LSPR field. A successful TERS observation, however, maintains several unsolved questions regarding the image. A highly confined electromagnetic field generates a huge gradient of field intensity, which may affect the spatial resolution and selection rule for the detection of specific vibrational modes [31] . The contribution of the field gradient on a TERS image is still under discussion [32] . The interpretation of the observed enhanced Raman spectrum with TERS requires further careful considerations on the interaction between the molecule and the LSPR field to determine the chemical structure, orientation, excited states of electrons, and vibrations of the molecule on the surface, even when the interaction with the surface is relatively weak [33] . To apply the technique to systems at room temperature in various environments, such as electrolyte solutions, gas mixtures, and phase-separated crystallites to understand the chemistry, additional ideas seem to be required.
Simultaneous observation of SERS and conductivity of a single-molecule junction
Additional information on the properties or functionalities of an isolated single molecule is needed to fully understand the observed single-molecule SERS spectrum. An interesting property of a single molecule is its conductivity [34] . Single-molecule junctions composed of a metal-molecule-metal motif have been widely investigated with the aim to realize molecule-scale components for novel electronic devices, in the future. Not only electronic transport, but also the responses of mechanics, thermoelectrics, optoelectronics, and spintronics properties have been examined to construct ultrasmall logic gates [35] . Recent efforts have been focused on the precise control of the functions of a single-molecule junction.
The control of the electronic transport is the key to realizing the devices. The choice of the molecules is the most important, as the characteristics of the electronic structure, such as the electrochemical potential of electrons in molecular orbitals determine the electron transport properties [36, 37] . Although the states are defined by the molecule structure [38] , the electronic structure is also affected by the strength of the adsorption onto metals [39] . Photoexcitation could also alter the potential of the molecular orbitals [40] . The simultaneous observation of SERS with a conductivity measurement could provide the key role of the electronic states, which can control the conductivity by changing the orientation of Fig. 1 (a) Schematic tunnelling-controlled TERS in a confocal-type side-illumination configuration, in which V b is the sample bias and It is the tunnelling current; (b) STM topograph of sub-monolayered H2TBPP molecules on Ag(111) (1.5 V, 30 pA, 35 nm×27 nm). The inset shows the chemical structure of H2TBPP and the white circle indicates one representative site for TERS measurements on the molecular islan; (c) TERS spectra for different conditions. The tip-in spectra were acquired at 120 mV, 0.5 nA and 3 s. The green spectrum is taken on top of the molecular island (the green scale bar shows the signal level detected by charge-coupled device (CCD). The red spectrum is taken on top of a single molecule (marked by the red arrow in b). The blue spectrum is taken on bare Ag(111). The black spectrum is taken on top of the molecular island but with the tip retracted 5 nm from the surface (120 mV, 3 s). For comparison, a standard Raman spectrum (brown) is shown on the top for a powder sample of H2TBPP molecules; (d) Single-molecule TERS spectra (100 mV, 1 nA, 3 s) for an isolated H2TBPP molecule adsorbed on the terrace (bottom, blue) or at the step edge (top, red) of Ag(111). Both spectra were acquired on the molecular lobes marked with crosses in the STM images on the right (subtracted from the broad continuum for clarity); (e) Calculated TERS spectra of a molecule for different tilt angles θ. Shown on the right are the schematics of flat-lying and tilted molecules, respectively; (f ) 35 sequential TERS spectra (120 mV, 1 nA, 2 s) acquired on the centre of a single flat-lying H2TBPP molecule adsorbed on the Ag(111) terrace (the terrace is the flat area between the step edges); the centre is marked as a cross in the corresponding STM image on the right. Reproduced with permission from Ref. [25] , Copyright c 2013 Macmillan Publishers Ltd.: Nature. a single molecule under photoillumination and current flow.
The mechanically controllable break junction (MCBJ) technique has been used for simultaneous measurements of SERS and conductivity [41] [42] [43] [44] [45] . Although the scanning probe technique is also available to characterize single-molecule junctions, this method is often suitable for high-speed conductance dynamics characterization during the breaking junction [27] . The MCBJ technique is able to maintain the structure of a single-molecule junction as relatively stable. Typically, single-molecule SERS measurements require an exposure time of spectral accumulation of at least a few hundred milliseconds. The correlation between SERS spectrum and conductivity changes depending on the time. A fluctuating conductance gives a complex change in the SERS spectrum, causing difficulties in the determination of the physical origin of the intensity change of specific Raman modes. Although the origins of the correlation between the conductance and the spectrum have been attributed to the photon-driven charge excitation of the electronic states at the molecule and metal surfaces [40] , and to the contribution of dark multipolar modes of LSPR at the metal nanogap [43] , a thorough explanation of the SERS spectrum change at a single-molecule junction has not been provided. In MCBJ systems, the control of a single molecule to fabricate a stable junction is also indispensable to discuss the correlation with conductivity.
The application of the MCBJ technique to a system in adsorption/desorption equilibrium is also valuable to control the interaction between molecule and metal, as in the case of a metal nanodimer for a single-site molecule SERS measurement. A single-molecule MCBJ in equilibrium results in the formation of a single-molecule bridge with a relatively high stability, typically kept for a period ranging from a few to a few tens of milliseconds, even at room temperature in a solution [46] [47] [48] . During the formation of a single-molecule bridge confirmed by the conductivity, the characteristic evolution of the intense Raman bands is observed (Fig. 2) [44] . The observed bands are assigned to the non-totally symmetric modes, b 1 and b 2 , of the molecule, which are not observed before or after the formation of a single-molecule bridge. The frequency of the observation, as well as the observed strong band intensities of the non-totally symmetric modes, is well correlated with the conductivity. The observed non-totally symmetric modes could be explained by an additional polarization molecule via electronic excitation. The process is proposed as a charge transfer process that induces vibronic coupling, as in the case of a SERS observation at a roughened electrode [49] . Considering the correlation between the conductivity and observed intensity of the b 1 and b 2 modes, the observation of the b 2 mode reflects a strong binding of the molecule to the surface of the metal with the orientation parallel to the direction of the electromagnetic LSPR field. A conductivity fluctuation is also well correlated with the formation of the strong binding of a single molecule by the b 2 mode observation. By using the system in equilibrium, the self-organized formation of a single-molecule junction at room temperature in a solution is successfully confirmed by the simultaneous measurement of SERS and conductivity.
The observation of the non-totally symmetric mode showing relatively intense scattering implies the additional effect of the optical excitation of the electronic states by the LSPR field. In the system of a singlemolecule bridge, the symmetry of the molecule orbitals contributing to the electronic excitation predicts a relatively weak interaction with the LSPR field [44] . The increased scattering intensity of the non-totally symmetric mode needs further explanation for the effective resonance process due to the excitation [44] . The possibility of the modulation of the selection rules of the optical absorption process at a highly localized electromagnetic field with a steep gradient of the field intensity has been pointed out [3] . This effect could contribute to increments in the scattering intensity of the non-totally symmetric mode of the system. A very strong intensity of a single-molecule SERS of a specific mode at the MCBJ could reflect not only the orientation of the molecule, but also the characteristic photoresponse of the molecule in the LSPR field.
Exotic electronic excitation of matter by confined photons
The improvement of a single-site SERS experiment for a single molecule leads to the possible observation of the modulation of the photoexcitation process in the LSPR field. Generally, the selection rules of photoexcitation assume the long wavelength approximation, indicating that the field amplitude is assumed constant and uniform within a molecule. The LSPR field, however, has a significantly high intensity gradient. In a field with such an extreme gradient at the molecular scale, the conventional limitations of the optical response are expected to be violated (Fig. 3) [50] . Although the effects of the field gradient on the selection rules of vibrational excitations have been well studied both in theory [5, 51, 52] and through experiments [53] , those of electronic excitation have not yet been confirmed experimentally. The change in the selection rules of electronic excitation by LSPR can be crucial to understand single-molecule SERS.
As a molecule target, an isolated single-walled carbon nanotube (SWNT) is one of the most suitable choices because of the well-defined electronic states characterized by van Hove singularities due to 2D quantization. The anisotropic tube structure is also an advantage to detect the direction of a highly oriented LSPR field. SERS observation of SWNTs has been an active field [54] [55] [56] [57] [58] . After an innovative SERS work confirming the changes in the Raman scattering tensor by the large field gradients generated by aggregated Ag particles on multiple SWNTs [55] , SERS observations of an isolated SWNT have been well developed. Despite the development of the observation techniques of an isolated SWNT [57] , the change in the selection rules has not yet been confirmed.
An isolated SWNT is placed in the nanogap of a metal nanodimer, showing the SERS spectral profile of the G band modes consisting of the A ± , E ± 1 , and E ± 2 modes (Fig. 4) [59] , reflecting the title angle of the tube axis 
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Mai Takase with respect to the long axis of the nanodimer [56] . The simultaneous observation of the radial-breathing mode (RBM) confirms the observation of an isolated SWNT. In the case of the successful preparation of highly dispersed SWNTs onto a metal nanodimer with a gap of 1-2 nm, the SERS spectrum of the SWNT via the resonance of the E 14 transition is normally forbidden. A newly developed theoretical method to calculate the optical response is the extended discrete dipole approximation (EDDA), wherein the nonlocal response within a single molecule can be treated by including the nanoscale spatial interplay between the electric field and molecular wave functions. By combining this method with the newly developed theory to calculate electronic states of SWNTs (including the dynamic e-h exchange interaction), we calculated the optical signal for several transitions. As a result, the observed data certainly included the signal corresponding to a calculated one showing the optical forbidden transition. In this case, a highly localized electric field at the nanogap induces a transition that is forbidden under the usual long wavelength approximation conditions. The origin of the phenomenon can be interpreted as a huge gradient within a 1-nm-wide space, where a quadruple transition is dominant (Fig. 5 ).
There is a possibility of controlling the optical electronic transitions of a SWNT by using metal nanodimers with a controlled nanogap distance. The highly systematic identification of the excitations of individual SWNTs through well-resolved Raman signals implies a breakdown of the selection rules, due to the strong field gradient in the radial direction of the SWNTs (Fig. 5 ) [60] . Although the break in the selection rule of the electronic excitation in a nanostructured electric field whose size is comparable with those of the molecules has been discussed in photochemistry text books as challenging problem [1] , few experimental reports have been provided until now. Clearly, a careful determination of the angle between a SWNT and the LSPR field at a single site is indispensable for the observation. Notably, an insufficient conformation to the direction at the isolation of a SWNT at a metal nanogap leads to a failure in the observation of polarization-dependent selective G band modes, as well as to the wrong discussion for the assignment [61] .
The importance of the change in the selection rules has been recognized, especially in the field of nanophotonics. Achieving an optical response beyond the conventional selection rule should alter both the quantum efficiency and energy of electrons and holes in materials [62] . The applications should not be limited to spectroscopy, but also include a variety of research fields, such as photochemistry, solid-state photophysics, photobiology, etc. in which effective photoexcitation is required. The use of SERS has been shown to be quite effective to explore a novel route for photoexcitation in nanomaterials with desired photofunctions.
Future expectations
A single-site SERS observation of a single molecule pro vides useful information on molecules and nanomaterials in the LSPR field. The SERS phenomenon is still partly unsolved for the practical application of an ultrasensitive detection, as well as a quantitative analysis of multianalyte samples. A principle to uncover the unexpected Cross-sectional view of the calculated intensity of the EM field, which includes both the longitudinal and transverse components, under resonant excitation conditions of the E 14 exciton. The calculated quadrupole polarization of the E 14 exciton is also shown by black arrows. The grids show the cell size in the present DDA calculation. Reproduced in part with permission from Ref. [59] , Copyright c 2013 Macmillan Publishers Ltd.: Nature Photonics. (d, e) Important electronic transitions for resonance Raman spectroscopy; For the particle-in-ring model, the Δn = ±1 transition has a nonzero dipole transition moment μ, which couples to the field E to give resonance Raman scattering. The Δn = ±2 transition has a nonzero quadrupole transition moment Θ, which couples to the field gradient to give resonance Raman scattering. At the bottom of each panel, representative wavefunctions associated with the particle-in-ring model for n = 0, ±1, ±2 are depicted. Multiplying these by μ ≈ sin φ and Θ ≈ sin 2φ shows why the ±1 transition is dipole allowed, whereas the ±2 transition is quadrupole allowed. Reproduced in part with permission from Ref. [59] , Copyright c 2013 Macmillan Publishers Ltd.: Nature Photonics.
selectivity of molecules seems still unclear. However, the exotic behavior of a vibrational spectrum at a single-site SERS for single-molecule measurement implies that the responses can be used to understand the unusual photoexcitation process of nanomaterials in the LSPR field. Recent intensive studies for nanoplasmonics apparently show the importance of quantum photonics at the atomic scale for a charge transfer plasmon [63] , ultrasmall con-fined optical cavity [64] [65] [66] , coherence of excitons with photons [67] , etc. Highly confined fields proposed in these advanced studies could be applied to establish novel selection rules of the electronic excitation in the LSPR field, leading to the generation of excited electrons and holes with distinct electrochemical potentials in materials. In the field of chemistry, modifying electronic excitation by light leads to changes in the framework of photoenergy conversion [4] . Although the control of the photoexcitation process has not been achieved yet, the investigation of single-site SERS provides abilities beyond ultrasensitive spectroscopy to explore novel systems with advanced photofunctionalities.
